etastases are frequently seen in the adult brain, accounting for up to 50% of all brain tumors. 2, 12 Carcinomas originating from the lung, breast, and gastrointestinal tract and melanomas are the most common malignancies to metastasize to the central nervous system (CNS) in adults. 3, 12 In pediatric patients, however, metastatic neoplasms to the CNS are rare, accounting for an estimated 1%-10% of all brain tumors, and there are relatively few reports in the pathology literature concerning solid (that is, nonhematopoietic) CNS metastases in children.
Methods
This study was performed in accordance with the institutional review board guidelines at Indiana University School of Medicine. The archival pathology files of our health facilities were searched for metastatic tumors to the CNS in patients 21 years of age and younger using a combination of text and SNOMED searches. Our health network is unique in having the only comprehensive care children's hospital in the state, providing service to a large pediatric population in the Midwest. A CNS metastasis was defined as hematogenous spread from a solid, nonhematopoietic malignancy from a distant primary site to involve the brain or spinal cord and/or its coverings (leptomeninges/dura mater). Data collected from the institutional electronic medical record system included patient demographics, clinical, radiographic, and follow-up information, if available. Pathology material obtained by neurosurgical intervention was reviewed, immunohistochemical studies were performed as needed, tumors were classified by site of origin and histological subtype, and survival rates were calculated.
Results

Patient Population
We identified 26 patients with solid nonhematopoietic CNS metastases out of 1135 cases of pediatric CNS tumors and nearly 4000 cases of primary pediatric solid non-CNS tumors diagnosed from 1981 to 2011. The incidence of CNS metastases varied widely by histological tumor type (Table 1) . Our institution is a national referral center for pathological diagnosis and treatment of germ cell tumors, which is reflected in the exceptionally high number of primary germ cell tumors of non-CNS origin (> 3000) diagnosed during the aforementioned time frame. Excluding germ cell neoplasms due to this institutional bias, the overall incidence of CNS metastases in our identified patient cohort was 2.2%.
The 26 cases of CNS metastases were equally divided between sexes (13 male and 13 female) ( Table 2) . Patients ranged in age from 2 months to 19.8 years at the time of primary malignant diagnosis (mean 8 years; median 6.9 years) and 1.5 to 20.3 years (mean 10.7 years; median 10.6 years) at the time of CNS metastasis (Fig. 1) .
Histological Subtypes and Sites of Origin of Metastatic Tumors
Sites of origin were kidney/adrenal (9 cases, 34%), bone/soft tissue (8 cases, 31%), gonads (5 cases, 19%), head and neck (2 cases, 8%), lung (1 case, 4%), and liver (1 case, 4%) ( Table 2 ). Kidney/adrenal tumors consisted of 4 neuroblastomas, 3 nephroblastoma/Wilms tumors, 1 malignant rhabdoid tumor, and 1 clear cell sarcoma. An additional nephroblastoma/Wilms tumor was found to be of extrarenal origin from the lumbosacral region. Other tumors of bone/soft tissue origin were 3 primitive neuroectodermal tumor (PNET)/Ewing sarcomas arising from lower-extremity skeletal muscle or bone, 2 high-grade osteosarcomas arising from the femur, 1 high-grade undifferentiated sarcoma arising from the anterior region of the thigh, and 1 alveolar rhabdomyosarcoma arising from the soft tissue of the buttocks. The 1 metastasis of lung origin was that of a high-grade pleomorphic sarcoma for which extensive workup revealed no other primary site. Gonadal malignancies included 3 nonseminomatous mixed malignant germ cell tumors and 1 embryonal carcinoma of testicular origin as well as 1 yolk sac tumor of ovarian origin. The 2 head and neck primary malignancies were alveolar rhabdomyosarcoma arising from the nasal cavity and alveolar soft part sarcoma arising from the tongue. The metastatic liver malignancy was a hepatoblastoma.
Characteristics of CNS Metastases
The overwhelming majority of CNS metastases were supratentorial (22 [85%] of 26) ( Table 2 ). In 1 patient there was metastasis to the sellar/suprasellar region (4%); in 5 patients there were infratentorial metastases, all in the posterior fossa (19%), of whom 2 had concomitant supratentorial lesions. Single CNS metastases were common (17 [65%] of 26), while 5 patients (19%) had 2 or more distinct lesions on neuroimaging studies. In the available medical records of 4 cases (15%), details on the number of CNS metastatic lesions were not recorded.
Supratentorial metastases most commonly involved the cerebral hemispheres: the frontal lobe in 9 cases (35%), parietal lobe in 6 (23%), occipital lobe in 6 (23%), and temporal lobe in 1 (4%). One metastasis (4%) involved the basal ganglia (Table 2 ). Metastatic lesions involving more than one area of the brain included 5 tumors with 2 or more discontinuous lesions on neuroimaging studies (Cases 7, 10, 13, 15, and 26) and 1 dumbbell-shaped lesion involving the cerebellum and occipital lobe (Case 3). In 3 cases (12%), the lesions were centered in the cerebellum. In 7 cases (15%), the metastases involved the dura/ leptomeninges: in 4 cases, they involved both the parenchyma and overlying brain coverings (Cases 3 and 8-10); in 2 cases, they were entirely extraaxial and only involved the dura and skull (Cases 4 and 11); and in 1 case, the lesion infiltrated the leptomeninges and subarachnoid space to present as leptomeningeal carcinomatosis (Case 17). None of the metastases in this patient cohort involved the brainstem or spinal cord.
No individual tumor type appeared to show a predilection toward involvement of any particular CNS site. Metastases to the cerebral hemispheres included tumors from all the sites of origin mentioned above. The sellar/suprasellar metastasis was from 1 of the PNET/Ewing sarcomas (Case 14
Therapeutic Interventions
Aggressive initial treatment, which included surgical resection and chemotherapy, for the primary malignant tumors was performed in 22 patients (85%), 11 of whom additionally underwent radiation therapy (Table 2) . Nonsurgical treatment information for primary malignancies was unavailable for 4 patients.
Central nervous system metastases were treated with surgery and additional chemotherapy in 5 patients (20%), surgery and radiation in 6 patients (23%), and surgery plus a combination of chemotherapy and radiation therapy in 2 patients (8%). Ten patients (38%) had no additional treatment for their CNS metastasis other than resection or a biopsy for diagnostic purposes. Nonsurgical treatment information for CNS metastases was unavailable for 3 patients.
Clinical and Follow-Up Data
The interval between primary malignant diagnosis and CNS metastasis spanned up to 126 months (mean 27 months; median 18 months). One patient had CNS involvement at initial presentation of malignant disease (Case 19), and in 3 patients the CNS metastasis was seen within 6 months of initial presentation of primary malignancy (Cases 10, 21, and 23). Symptoms of CNS involvement in 17 patients included headache (11 cases, 42%), vomiting (9 cases, 35%), new-onset seizure (5 cases, 19%), peripheral weakness (4 cases, 15%), altered mental status, abnormal gait, hydrocephalus, photophobia, and changes in vision (Fig. 2) . On routine imaging studies 3 patients were found to have a brain metastasis and were asymptomatic. Complete electronic medical records were unavailable for 6 patients, whose CNS symptoms were therefore unknown.
In 22 patients (85%) synchronous and/or metachronous metastases developed in organs other than the brain, most commonly lungs (16 [62%] of 26) ( Table 2 ). Other metastatic sites included regional and/or distant lymph nodes (8 cases, 31%), nonadjacent soft tissues (5 cases, 19%), and bone (4 cases, 15%). One of the PNET/Ewing sarcomas metastasized to the liver (Case 14), and the single hepatoblastoma metastasized to the heart and spleen (Case 26). Half of the patient cohort (13, 50%) had metastatic disease documented in organs/sites not involving the CNS at the time of initial presentation of primary malignancy. All 22 of the primary malignancies with documented metastases in organs other than the brain had manifestations of systemic disease at the time that CNS involvement developed.
Fig. 1.
Comparison of age at primary diagnosis of malignancy to age at discovery of CNS metastasis. *Same age at diagnosis of primary disease and CNS metastasis. **Age at diagnosis of primary disease unknown. Seventeen of the 26 patients died of their disease. The survival period after diagnosis of primary malignant disease ranged from 6.5 months to 29.0 years (mean 5.5 years; median 2.9 years). Four patients developed CNS involvement and died within 1 year of the diagnosis of their primary malignancy. Survival after the diagnosis of CNS involvement ranged from 0.4 months to 26.7 years (mean 3.1 years; median 12.5 months). Ten patients died within 6 months of CNS metastasis and 12 within the 1st year, yielding a 1-year survival rate of 52% ( Table 2) . The overall 5-year survival rate after CNS metastasis was 16% and the 10-year survival rate was 8%.
Discussion
Pediatric CNS metastases are far less common than adult CNS metastases, accounting for approximately 2% of all pediatric brain tumors in our series. Historically, the most common solid tumors outside the CNS in children have been neuroblastoma and subsets of sarcomas, including PNET/Ewing sarcoma and rhabdomyosarcoma. 8 The results of our investigation suggest that the most common malignancies to exhibit CNS metastasis in children are likewise of kidney/adrenal or bone/soft tissue origin.
In the last 20 years only a handful of previous studies have examined CNS involvement by solid tumors in the pediatric population. Bouffet et al. have characterized 12 cases of CNS metastasis from 486 primary solid non-CNS tumors of all types seen over a 9-year period. In their study metastatic tumors included PNET/Ewing sarcoma, neuroblastoma, osteosarcoma, nephroblastoma/ Wilms tumor, synovial sarcoma, and retinoblastoma, and they calculated a 2.4% incidence for CNS involvement. 4 Two similar studies were published in 2005: Hauser et al. found CNS metastases in 14 of 406 primary solid non-CNS tumors of all types over a 14-year period for an incidence of 3.4%, and Kebudi et al. reported 16 CNS metastases from 1100 primary tumors over a 3-year period for an incidence of 1.5%. 9, 11 Metastatic tumors, in the study by Hauser et al., included rhabdomyosarcoma, neuroblastoma, PNET/Ewing sarcoma, non-Hodgkin lymphoma, and malignant chordoma. Metastatic malignancies, in the series by Kebudi et al., included osteosarcoma, PNET/ Ewing sarcoma, rhabdomyosarcoma, soft-tissue clear cell sarcoma, alveolar soft part sarcoma, nephroblastoma/ Wilms tumor, and germ cell tumors. All patients in their series had metastases to other sites at the time of CNS involvement. The pooled incidence of CNS metastases from these 3 studies is 2.1%, in approximate accordance with the incidence observed at our institution.
One of the metastatic tumors in our series was a nephroblastoma/Wilms tumor of extrarenal origin arising in the lumbosacral region. Extrarenal nephroblastoma is an exceptionally rare tumor. 1 To our knowledge, this case is the first reported case of extrarenal nephroblastoma metastasizing to the CNS. The patient is living, at the time of writing, and has had long survival of 319.9 months (26.6 years) after brain metastasis and 347.9 months (29.0 years) after diagnosis of primary malignancy at age 2.1 years.
Of the nearly 4000 non-CNS solid malignancies identified in the pediatric population in our study, 4 primary malignancies were lung sarcomas: 2 high-grade sarcomas originating in the lung parenchyma or pleural surface and 2 pleuropulmonary blastomas. Pleuropulmonary blastomas are reportedly more likely to exhibit brain metastases than other pediatric sarcomas, with an incidence of CNS involvement of approximately 14% in a study of 271 pleuropulmonary blastomas.
14 Interestingly, in our study neither of the pleuropulmonary blastomas exhibited CNS involvement, but 1 of the high-grade sarcomas did.
Pediatric CNS metastases in our series were most likely to present as solitary, supratentorial, symptomatic lesions. Adult CNS metastases are similarly most common in the cerebral hemispheres, corresponding to vascular distribution and tissue volumes, and they are often symptomatic. 6, 13, 16 At the time that CNS involvement is diagnosed, the presence of metastases in other organs, particularly lungs, is common in the pediatric population, and, as expected, prognosis for pediatric CNS metastases is poor despite aggressive therapy for primary malignant disease and metastatic disease. It is, however, conspicuously better than that seen in the adult population, as overall median survival following CNS metastasis in adults can range up to 12-15 months with adequate surgical intervention, whole-brain radiotherapy, and adjuvant chemotherapy, but it is more typically in the range of 4-8 months, and can be as low as 1-2 months in the absence of treatment. 7, 13, 16 Patients with a nephroblastoma/Wilms tumor had the longest overall survival and the longest survival after diagnosis of the CNS metastasis in our series. Overall, clinical outcome was poor but slightly better than reported in previous studies. Our study showed a 1-year survival rate of 52% but significantly reduced 5-year and 10-year survival rates of 16% and 8%, respectively. In comparison, Hauser et al. reported 1-year and 5-year survival rates of 48% and 0%, and 11 of 12 patients in the study by Bouffet died within the first 38 months (median survival 3 months). 4, 9 One potential bias in this study is the fact that our patient cohort reflects individuals who underwent neurosurgical intervention and, at least in theory, were either considered viable surgical candidates or their treatment depended on a pathological diagnosis and required biopsy. However, it is our institution's policy that patients undergoing therapy for metastatic disease undergo biopsy for tissue diagnosis. Furthermore, we queried the neuroradiology files for patients with metastatic CNS disease and could only identify 1 patient who was not accounted for in this study. Finally, the fact that the study spans a 30-year period in which cancer management has evolved potentially introduces another variable when considering survival data.
Conclusions
Our study shows that metastatic tumors to the CNS in a pediatric population are much less common than they are in an adult population but arise in a similar distribution, with cerebral metastases being more common than cerebellar or brainstem lesions. Central nervous system metastases in both children and adults are commonly symptomatic. When comparing children and adults, the sites of origin are vastly different, with kidney/adrenal and bone/ soft-tissue tumors being the most common to exhibit CNS involvement in the pediatric population. Similar to adult patients, prognosis in general is dismal for children with CNS metastasis, but median survival after CNS involvement is slightly prolonged for pediatric patients.
